The effect of 4�-phorbol-12�-myristate-13a acetate (PMA) on endothelium-dependent and endothe lium-independent vasoconstriction and vasodilation was studied in isolated segments of rabbit middle cerebral ar tery (MCA). Concentration-dependent responses of the left and right MCA to the constrictors KCl, noradrena line, uridine 5' -triphosphate, serotonin, and histamine, as well as to the dilators acetylcholine, bradykinin, sodium nitroprusside, and calcium ionophore (A23187), were compared in control animals and after PMA injection into the left common carotid artery. In the control animals there was no significant difference in the responses of the left and right MCA to either the constrictors or the dilators studied. After PMA injection the endothelium dependent relaxation in response to acetylcholine, brady kinin, and A23187 was reduced in the left MCA (PMA injected side), whereas the effect of the endothelium independent dilator sodium nitroprusside remained Protection of endothelium-dependent regulation of vascular tone is pivotal to the maintainance of cardiovascular homeostasis. Alterations of endo thelium-dependent reactivity may increase vascular tone, contributing to circulatory disturbances (Van houtte, 1992). Impairment of endothelium-depen dent relaxation after ischemia-reperfusion has been well documented in the heart and lungs (Ku, 1982; Pearson et aI., 1990; Kim et aI., 1992; Davenpeck Received January 26, 1994; final revision received April 14, 1994; accepted May 17, 1994. Address correspondence and reprint requests to R. Sercombe, Ph.D., CNRS UA 641, Universite Paris VII, 10 avenue de Ver dun, 75010 Paris, France.
unchanged. Simultaneously greater contractile responses of the left MCA to serotonin and histamine were ob tained. Neither infusion of L-arginine in vivo before the PMA injection nor incubation of the isolated MCA seg ments with L-arginine affected this difference in MCA reactivity. Platelet depletion did not change the PMA induced reduction in the endothelium-dependent relax ation, whereas after leukocyte depletion this reduction practically disappeared. 'These results suggest that the PMA-induced brain microembolia causes acute endothe lial dysfunction, which is possibly mediated by intravas cular activation of leukocytes and is independent of nitric oxide synthesis from L-arginine. This phenomenon might play an important role in cerebral angiospastic disorders after intravascular activation of leukocytes in cerebral ischemia and reperfusion. Key Words: L-Arginine Cere bral arteries-Endothelial-dependent relaxation Endothelial dysfunction- Leukocytes. et aI., 1993) . Similarly, the effect of ischemia reperfusion on cerebrovascular reactivity has been studied: Although alterations of endothelium dependent reactions have been observed in pial ce rebral arteries (Mayhan et aI., 1988) , large cerebral arteries seem to be resistant to global ischemia and reperfusion injury (Katusic et aI., 1991) . The exper imental models used in these investigations have commonly involved mechanical restriction of blood flow, presumably producing hypoxic injury in the endothelium of large arteries. However, experimen tal and clinical data have also suggested that cere bral microembolization after nonocclusive throm bosis in carotid arteries may alternatively play a primary role in the pathophysiology of cerebrovas cular disorders (Millikan, 1992) . Using animal mod els of cerebral microembolization by micro thrombi from a carotid arterial source, many authors have documented microcirculatory and energy-state dis-orders, edema formation, and histopathological in jury in the brain tissue (Fieschi et al., 1975; Passero et al., 1981; Fredriksson et al., 1985; Futrell et al., 1988; Akopov et al., 1992a; Dietrich et al., 1993) . However, the effects of cerebral microembolization on the reactivity of large cerebral arteries have not been studied, though activation of blood cellular el ements during the microthrombi formation was shown in vitro to be a factor of the endothelium damage (Mehta et al., 1992) .
The aim of this study was to determine whether the reactivity of the middle cerebral artery (MeA) is altered by cerebral embolization induced by intra carotid infusion of a phorbol ester. This variant of the induction of microthrombus formation in the common carotid artery has been chosen because phorbol ester produces parallel intravascular acti vation of both platelets and polymorphonuclear leu kocytes (PMNLs) which form mixed platelet/ PMNL microemboli (O'Flaherty et al., 1980; Mizer et al., 1989; Akopov et al., 1992a) , whereas other methods of microembolus induction (carotid injec tion of arachidonic acid, ADP, collagen, photo chemical injury of the carotid artery) produce mostly platelet embolization (Passero et al., 1981; Fredriksson et al., 1985; Futrell et al., 1988; Diet rich et al., 1993) .
METHODS

Animal preparation
Experiments were performed on 54 Fauve de Bour gogne rabbits weighing 2.3-2.8 kg that were anesthetized with ketamine (10 mg/kg) and chloral hydrate (200 mg/kg) administered intravenously. The trachea was cannulated and the animals were ventilated with room air. A catheter was placed into a femoral artery for continuous recording of blood pressure. The left lingual artery was exposed and cannulated with a small polyethylene catheter and the external carotid and thyroid arteries were ligated at their origin for selective infusion in the cerebral circulation (Passero et al., 1981) of phorbol ester and for withdrawal of arterial blood samples. Body temperature was main tained at 37-38°C with a heating pad.
Induction of brain embolism and experimental protocol
413-Phorbol-1213-myristate-13a-acetate (PMA) was dis solved in dimethyl sulfoxide, with further dilution in iso tonic phosphate buffer immediately before use. It was injected into the left common carotid artery (CCA) in 15 s at a dose of 40 ILg/kg, 0.2 ml/kg. This procedure of PMA injection has been repeatedly shown to produce fast si multaneous platelet and PMNL intravascular activation and aggregation as microthrombi (O'Flaherty et al., 1980; Mizer et al., 1989; Akopov et al., 1992a) , which produce a strong reduction in CBF and ischemic brain damage (Uhl et al., 1991; Akopov et al., 1992a) . The blood cell activation reaches a maximum 10 min after PMA injec tion, and at 90 min there is a partial recovery of the nor mal blood constitution. Therefore at 10 and 90 min after PMA injection the vessels were removed to study their reactivity. Evaluation of changes in large cerebral vessel reactivity was performed on MCA because microemboli from a carotid source mostly entered the ipsilateral MCA, and only a small number of them could be observed in the territory of the contralateral anterior cerebral artery, and none in the contralateral MCA (Fieschi et al., 1975; Pas sero et al., 1981; Futrell et al., 1988) . Therefore compar ison of the activity of ipsi-and contralateral MCA allows evaluation of the microembolus effects avoiding interin dividual heterogeneity of the animals.
Five groups of animals were studied. The first group consisted of vehicle-injected animals (n = 14). The reac tivity of the left and right MCA was compared in this control group after the same volume of PMA vehicle ad ministration. In the second group PMA effects on the MCA reactivity were studied at 10 min (n = 14) and 90 min (n = 7) after the injection. In the third (n = 6) and fourth (n = 7) groups PMA effects on MCA reactivity 10 min after the injection were evaluated after previous platelet and PMNL depletion, respectively. In the fifth group (n = 6) we determined whether L-arginine alters the effects of PMA on MCA reactivity. Thirty minutes before the PMA injection a constant infusion of L-arginine (50 mg kg-I min -I) into the femoral vein was started, which continued for 40 min. Such an infusion has been shown to be enough to support endothelium-derived re laxing factor (EDRF) production in large cerebral arteries in rabbits .
In vitro experiments
After decapitation under anesthesia the brain was re moved and placed in a physiological solution, as de scribed previously (Sercombe et al., 1985) . Three millimeter proximal segments of MCA were removed un der a surgical microscope and placed in 5-ml organ baths containing a solution of the following millimolar compo sition: 126 NaCl, 5 KCl, 1.2 NaH2P04, 1.3 MgCI2, 15 NaHC03, 2.5 CaCl2, and 5.5 glucose, gassed with 4% CO2/20% 02176% N2, pH 7.3-7.4.
The order of the agonist administration depended on the protocols outlined in Table 1 . Segments obtained from rabbits in the first and second group were randomly used for protocols I-IV. Protocol V was used in experiments with the fifth group, and protocols VI and VII in experi ments with the third and fourth groups. The orders of constrictor administration were based on recommenda tions described earlier for rabbit MCA (Debdi et al., 1992) . The response to A23187 was measured last be cause its effect was shown to be irreversible (Pearson et al., 1990) . At the end of each experiment the effect of 100 mM KCI was measured once again, and the results were considered to be valid if the second constriction to KCI did not differ from the first by more than 10%.
To determine whether in vitro exposure of the MCA segments to L-arginine can modify vessel responses to acetylcholine (ACh), the following procedure was used. After the first measurement of ACh-induced vasodilation, segments of both left and right MCA were washed three times and incubated with L-arginine (5 mM) for 45 min. Vessels were then again pre contracted and the concen tration-response curve to ACh was measured in the pres ence of L-arginine. (10-9-10-4 M) (10-9-5 X 10-6 M)
Leukocyte and platelet depletion
For leukocyte depletion, 72 h prior to the experiment rabbits were treated with 1.5 mg/kg i.v. meclorethamine (Helps and Gorman, 1991) . None of these rabbits showed a subsequent decline in condition or body weight. The number of neutrophils and platelets prior to meclor ethamine treatment and before PMA injection was calcu lated manually using Neubauer's chamber and special di luents (Labo-Moderne).
Platelet depletion was obtained using the method de scribed in detail by Bednar et al. (1991) . Briefly, at 20 min before PMA injection rabbits received 1.5 ml of antiplate let antiserum, which was generated by immunization of male Wistar rats with rabbit platelets. Platelets were ad ministered to the rats intraperitoneally weekly for a total of four injections. The antisera were stored at -20°C until use. Platelet and neutrophil counts were obtained before (baseline) antiserum administration and immedi ately before PMA injection.
Neither meclorethamine nor platelet antiserum acts on the endothelium-dependent relaxation of the MCA. The endothelium-dependent effects of all agonists studied on the right MCA (control, noninjected side) in animals treated with meclorethamine or platelet antiserum did not differ significantly from those in control animals.
Drugs
All pharmacological agents used were obtained from Sigma Chemical Co. (St. Louis, MO, U.S.A.). Drugs were dissolved in distilled water except A23187, which was prepared in dimethyl sulfoxide and diluted in buffer immediately before use. Drugs were added at 100 times their final bath concentration. The dimethyl sulfoxide concentration did not exceed 0.01% and had no effect on the vascular response.
Statistics
The results are expressed as means and SD, and n re fers to the number of rings. Fifty percent of the effective concentration (EC50) was calculated using regression analysis. Differences between means were evaluated us ing analysis of variance. All calculations were performed by means of SPSS PC + statistical software. A p value of <0.05 was considered statistically significant. (10-9-10-4 M) (10-9_10-5 M) (10-9-5 X 10-6 M)
Bradykinin A23187
(10-9-5 X 10-6 M) (10-9-5 X 10-6 M)
ACh A23187
(10-9-10-4 M) (10-9-5 X 10-6 M)
A23187
(10-9-5 X 10--6 M)
RESULTS
Control rabbits
The contractile responses to 100 mM KCI were 1.4 ± 0.4 and 1.3 ± 0. 3 g (n = 14) for the left and right MCA, respectively, and were taken to indicate maximum contraction. Noradrenaline, UTP, S-hy droxytryptainine (S-HT), and histamine produced concentration-dependent constriction of the rabbit MCA, and there was no difference in either sensi tivity or maximal tension between the right and the left MCA (Table 2) . From the histamine-induced contraction of each segment, the approximate ECgo value (usually 8 x 10-6-3 X 10-5 M) was evaluated and then used for the precontract ion of MCA in investigating vasodilator effects. The tension of his tamine-induced precontraction was 1.S ± O. S and 1 . 6 ± 0.4 g for the left and right MCA, respectively, and papaverine (3 x 10-4 M) produced full relax ation of all vessels, which was used as maximal relaxation. ACh and bradykinin (receptor mediated, endothelium-dependent dilators), A23187 (nonreceptor-mediated, endothelium-dependent di lator) , and sodium nitroprusside (endothelium independent dilator) induced concentration dependent relaxation. The maximal response and EC 5 0 of these agents, as for the constrictors, were similar in the left and right MCA (Table 2) .
PMA-injected rabbits
At 10 min after PMA injection into the left CCA contractile responses to KCI were 1.S ± 0. 4 and 1. 4 ± 0.4 g for the left (PMA-injected side) and right MCA, respectively. These data did not differ from those in control animals. The contractile response curves of noradrenaline (n = 6) and UTP (n = 6) were not affected by PMA injection and did not differ from those in control animals (Table 3) . How- a Here and in Table 3 values are means ± SD, the EC so is expressed as -logM, and the maximal effect is expressed as a percentage of the maximal constriction induced by KCI for constrictors and as a percentage of the maximal relaxation induced by papaverine for dilators.
ever, the curves of 5-HT-induced constriction (n = 8) in the PMA-injected side were shifted to the left compared with 5-HT effects on the right MCA, and the magnitude of 5-HT-induced contraction was sig nificantly increased. The EC 5 0 and maximum effect of histamine-induced contractions (n = to) in the left MCA did not differ significantly from those in the right MCA (Table 3) . However, at low concen trations « 10 -6 M) histamine produced more marked constriction of the PMA-injected MCA. At a concentration of 10-7 M histamine-induced con traction of the PMA-injected left MCA was 24 ± 9% of the maximum contraction, whereas in the right MCA histamine-induced contraction was 7 ± 4% (p < 0.01).
The magnitude of the histamine-induced precon striction tension (the ECso of histamine was approx imately the same as in control animals) in the inves tigation of vasodilator effects was 1.6 ± 0.6 and 1.6 ± 0.5 g for the left and right MCA, respectively. These data did not differ from those in control animals. On histamine-precontracted vessels endothe lium-independent relaxation to sodium nitroprus side (n = 8) was similar to that of both PMA injected and contralateral MCA and did not differ from the nitroprusside effects in control animals (Table 3 ). In contrast, the relaxation induced by all endothelium-dependent agonists used including ACh (n = 12), bradykinin (n = 6), and A23187 (n = 8) was severely impaired in the PMA-injected side, whereas in the contralateral side these agonists pro duced relaxation responses similar to those in con trol animals (Table 3) .
MCA segments isolated from animals killed 90 min after PMA injection (n = 7) demonstrated a less marked reduction of the endothelium dependent relaxation induced by ACh or A23187 compared with that at to min after the injection (Fig. 1) . However, this decrease in the reduction was not statistically significant. In concentration effect curves differences in ACh-and A23187-induced relaxation between the left and the right MCA remain statistically significant at some of the concentrations used (Fig. 1) .
Platelet-and leukocyte-depleted rabbits
Prior to platelet or leukocyte depletion, hemato logic values in rabbits involved in these experimen tal groups were consistent with published data (platelet count, 327 ± 60 x 103 cellslj.,d; neutrophil count, 4.1 ± 0.4 x 103 cellslj.,d). After antiplatelet antiserum administration (n = 6) the platelet count fell to 47 ± 11 x 103 cells/f.d (p < 0.01), whereas the neutrophil count remained unchanged (4.5 ± 0.4 x 103 cells/(J-l). Platelet depletion had no significant effect on the PMA-induced reduction of the endo thelium-dependent relaxation by ACh or A23187 in the left MCA, and the difference in the reactivity between the left and the right MCA remained prac tically unaltered (Fig. 2) .
Treatment of the rabbits (n = 7) with meclor ethamine produced a strong decrease in the neutro phil count (to 0.5 ± 0.4 x 103 cells/(J-I; p < 0.001), with an unchanged platelet count (306 ± 42 x 103 cells/(J-l). Under these conditions the PM A-induced difference in endothelium-dependent relaxation be- tween the left and the right MCA completely disap peared in almost all cases. On both sides ACh and A23187 induced concentration-dependent relax ations of comparable magnitudes, which did not significantly differ from those in control animals (Fig. 3) .
Effects of L-arginine
Segments of PMA-injected MCA (n = 5) with decreased ACh-induced relaxation were exposed to L-arginine 'in vitro. However, neither the ECso nor the magnitude of ACh-induced relaxation was changed (Table 4) . Similarly, L-arginine did not sig nificantly affect vasodilation to ACh in contralateral MCA segments (Table 4) .
Infusion of L-arginine into the femoral vein for 30 min before and 10 min after the PMA injection (n = 6) also had no effect on the PMA-induced depres sion of the endothelium-dependent vasodilation to ACh and A23187 or the increase in sensitivity of the left MCA to histamine and 5-HT. In the left MCA (PMA-injected side) changes in both the ECso and the maximal effects of these agents were similar to those in the rabbits injected with PMA without L-ar- ginine infusion (Table 3 ). The reactivity of the right MCA was also unchanged after L-arginine infusion (Table 3) .
DISCUSSION
The clinical counterpart to the present experi mental situation is a transient ischemic attack or a stroke provoked by brain embolization with blood constituents generated endogenously in carotid ar teries-artery-to-artery microemboli (Passero et aI., 1981; Kessler et aI., 1992; Millikan, 1992) . The present study demonstrates that, in addition to local effects of the emboli on brain tissue due to blockage of the cerebral microvasculature, the passage of ac tivated blood elements through large cerebral arter ies may provoke severe alterations of the vessel reactivity.
Based on the known pharmacology of the vaso active agents used, the data provide specific infor mation on the character of the alterations observed. The changes in both vasoconstrictor and vasodilator effects indicate a selective impairment of the endothelium-dependent vascular relaxation mecha nism. Only the responses to the endothelium dependent dilators used were reduced after PMA injection, whereas the dilation induced by sodium nitroprusside (an endothelium-independent dilator) was not changed. Similarly, the contractile action of UTP, which is considered an endothelium-inde pendent agent in rabbit MCA (Verecchia et aI., 1984) , was the same in control and PMA-injected animals. On the other hand, an increase in constric tor reactions was observed for 5-HT, which is in accordance with data indicating the participation of endothelium-dependent relaxation in limiting the constrictor response to 5-HT of the large cerebral arteries . Presumably, PMA-induced endothelial dysfunction resulted in the abolishment of a vasodilator component of 5-HT vascular effects, thus increasing its constric tor actions. Similarly, the histamine-induced con striction is partly limited by a dilatory reaction of the MCA mediated via the endothelial cells (Ser combe et aI., 1986; Ea Kim et aI., 1988) . Endothelial lesion with a consequently decreased production of vasodilators may suppress the relaxation response to histamine, resulting in an increase in its constric tor effects at low concentrations, whereas at high concentrations this agent produced only MCA con striction (Ea Kim et aI., 1988) . These data are in accord with our finding of an increase in histamine induced MCA constriction after PMA injection only at low concentrations of the agonist.
We did not observe statistically significant differ ences in the noradrenaline effects between the left and the right MCA in PMA-injected animals. In the previous work on lO-mm-Iong perfused segments of MCA, endothelium removal potentiated the con tractile response to noradrenaline (Sercombe et aI., 1985) . However, noradrenaline had a weak and variable action on contractile activity of proximal MCA segments in rabbits and experiments in MCA branches showed that relaxations could often be ob- Left MCA Before L-arginine 0 1.1 ± 1 3.6 ± I 5.4 ± 3 6.9 ± 3 12.1 ± 6 19.6 ± 8 37.2 ± 10 After L-arginine 0 3.8 ± 2 6.3 ± 5 8.4 ± 4 9.5 ± 5 16.2 ± 8 22.7 ± 10 34.2 ± 9 Right MCA Before L-arginine 7.3 ± 4 12.2 ± 4 27.1 ± 9 52.0 ± 12 67.7 ± 14 77.1 ± 22 80.9 ± 20 75.6 ± 30 After L-arginine 11.3 ± 7 19.1 ± 11 33.5 ± 13 59.1 ± 29 78.4 ± 35 84.3 ± 27 82.0 ± 27 78.7 ± 30 a Values are means ± SD and are expressed as a percentage of the maximal relaxation induced by papaverine.
tained with noradrenaline, which were then attrib uted to the activation of l3-adrenergic receptors (Sercombe et ai. , 1990) . Presumably, in the more distal pial arteries, noradrenaline can activate nitric oxide (NO) synthase, inducing EDRF-dependent relaxation in parallel with the direct contractile ef fect on smooth muscle. For instance, Bauknight and co-workers (1992) showed that blockade of NO synthase modulated noradrenergic contraction of 60-f.l,m vessels in rabbits in vivo. In contrast with these studies, the present experiments were per formed on short proximal segments of the MCA with a low sensitivity to noradrenaline, in which the endothelium may not be significantly involved in modulation of noradrenaline-induced constriction and, therefore, did not have a significant action on PMA-injected MCA responses to this agent. Under our conditions PMA injection impaired the actions of all endothelium-dependent dilators stud ied, and the response to the non-receptor-mediated endothelium-dependent dilator A23187 was reduced to the same degree as that to the receptor-mediated endothelium-dependent dilators ACh and bradyki nin. This fact may indicate that the endothelium dysfunction observed is distal to the point of recep tor activation at the endothelial cells. On the other hand, the contractile activity of vascular smooth muscle cells seems to be unaffected by the PMA induced microemboli because the contractile ac tions of both KCI (non-receptor mediated) and UTP (receptor mediated) are preserved after PMA injec tion. Likewise, the direct dilatory response to so dium nitroprusside was not changed in the PM A injected arteries.
Thus, the intracarotid injection of PMA might se lectively and dramatically inhibit endothelium dependent relaxation in the large cerebral arteries. Such loss of endothelium-dependent vasodilation may well contribute to the pathogenesis of cerebro vascular disturbances. The exact mechanisms of PMA-induced endothelial dysfunction are not clear. Earlier, PMA has been demonstrated to modulate the endothelium-dependent regulation of vascular tone due to activation of protein kinase C. How ever, this modulation has a specific, limited charac ter and does not correspond to the changes in the endothelium-dependent relaxation observed in the present work. First, PMA does not affect the en dothelium-dependent relaxation evoked by A23187 and bradykinin (Weinheimer et ai., 1986; Lewis and Henderson, 1987; Flavahan et ai. , 1991; Obi et ai., 1993.) . In general, it is likely that PMA does not influence the vessel dilation associated with EDRF production but depresses the endothelium dependent relaxation induced by pertussis toxin, J Cereb Blood Flow Metab, Vol. 14, No.6, 1994 NaF, or UK 14,304 (Flavahan et ai., 1991; Obi et ai. , 1993) . This reflects the mechanism of PMA induced disorders of signal transduction of the en dothelial receptors via the pertussis toxin-sensitive G protein. In addition, the effects of PMA on en dothelium-dependent relaxations to other agents (e. g. , ACh) have been shown in vitro, and PMA was found to affect this reaction only at relatively high concentrations. At the concentration at which PMA activates blood cells, in particular leukocytes, this agent does not act on endothelium-dependent ves sel reactions (Sessa and Mullane, 1990) . Intraarte rial injections of PMA at doses sufficient to produce circulatory disturbances also do not induce any va somotor reactions in the absence of blood elements (Gillespie et ai. , 1986; Karmazyn et ai., 1990) . Thus, the effects observed in the current work seem not to be associated with a direct action of the injected PMA on the vessel endothelium.
It is well-known that PMA injection in animals produces severe disturbances of the circulation due to intravascular activation of platelets and leuko cytes (O'Flaherty et ai. , 1980; Mizer et ai. , 1980; Uhl et aI., 1991; Akopov et aI. , 1992a) . Such an activation results in rapid aggregation of platelets and PMNLs, which form numerous aggregates within a few minutes. Downstream from the in jected carotid arteries, these aggregates have been demonstrated repeatedly, as well as the adherence of the cells and their agglomerates to the vessel wall (O'Flaherty et ai. , 1980; Fujimoto et ai. , 1985; Ya mazaki et ai. , 1992; Dietrich et ai. , 1993) . It has been suggested that activated blood elements can produce endothelial damage by generation of vari ous substances including free radicals, arachidonic acid metabolites, and 5-HT (Mullane et ai., 1987; Mehta et aI., 1992) . Therefore it can be hypothe sized that activated blood elements mediated the PMA-induced endothelial dysfunction observed.
Because intracarotid PMA injection produces si multaneous activation of both platelets and PMNLs, it seemed important to determine sepa rately the contribution of these cells to the endothe lial dysfunction observed. The experiments with platelet-or PMNL-depleted rabbits clearly show that, under our conditions, the disturbance of the MCA endothelium is provoked mostly by PMNL activation. In our experiments on large arteries thrombocytopenia did not significantly affect PMA induced endothelial dysfunction, whereas leukocy topenia eliminated the dysfunction almost totally. It may be that, in large arteries, platelets are indeed unable to provoke endothelial dysfunction, particu larly because they do not adhere to intact endothe lium at a high shear rate, whereas PMNL deposition can be observed even on a normal endothelial layer (Merhi et aI., 1993) .
In general, our data corroborate the few investi gations of PMNL effects on vascular endothelium in vitro. It has been shown that even short-term contact of PMNLs with vessel segments results in selective inhibition of endothelium-dependent re laxation (Csaki et aI., 1991; Akopov et aI., 1992b; De Kimpe et aI., 1993; Liu et aI., 1993) . It is likely that in vivo activation of PMNLs by PMA in the CCA produces the same effect in the corresponding MCA through which the majority of activated blood elements flows. The specific site and mechanisms by which PMNLs inhibit endothelium-dependent relaxation in vivo or in vitro remain to be estab lished. Our data suggest that, at least in large cere bral arteries, the activated PMNLs did not induce irreversible endothelial damage and exfoliation of the endothelial cells, because at 90 min after PMA injection there was a tendency toward restoration of the endothelium-dependent relaxation. It is likely that the experimental model used causes functional disturbances of the endothelium similar to that pro voked by brief ischemia in coronary arteries, called endothelium stunning (Kim et aI., 1992) . Our find ings confirm the hypothesis that reperfusion injury of the endothelium can be associated with adhesion of locally activated leukocytes to the endothelial layer (Mehta et aI., 1992) . Such a leukocyte accu mulation in ischemia-reperfusion develops mostly in microvessels (Mullane et aI., 1987) , which could explain why Katusic et ai. (1991) did not observe changes in endothelium-dependent relaxation in large cerebral arteries after ischemia-reperfusion, whereas in pial arteries the endothelium-dependent relaxation was reduced (Mayhan et aI., 1988) .
Although the exact mechanisms of this dysfunc tion are unknown, it is possible to hypothesize that PMA injection leads to disorders in the formation of EDRF that participate in mediating the vasorelax ation induced by ACh, bradykinin, and A23187. Strong evidence that EDRF is NO or an unstable nitro so compound has been obtained (for review see Moncada et aI., 1991) . A body of evidence sug gests that EDRF/NO mediates the dilator effects of ACh in large cerebral vessels (Faraci, 1991) . Simi larly, bradykinin seems to produce vasorelaxation of large cerebral arteries via EDRF/NO release, though in small arteries and cerebral microvessels its effect may be at least partially independent of NO production (Katusic et al., 1991; Katusic, 1992) . Moreover, EDRF/NO may attenuate the constrictor reactions of large cerebral arteries in re sponse to several vasoconstrictors, including 5-HT and histamine (Faraci and Brian, 1994) . NO appears to be synthesized from the amino acid L-arginine, and it could be hypothesized that the administration of this precursor should improve the vasodilator re sponses of the MCA after PMA injection. However, in vitro incubation of isolated MCA with L-arginine did not alter the endothelium�dependent relaxation in either PMA-injected or contralateral arterial seg ments. Similarly, L-arginine infusion in situ before PMA injection did not prevent PMA-induced endo thelial dysfunction. These data suggest that a lack of L-arginine cannot explain the abnormal endothe lium-dependent relaxation after PMA injection. Given that PMA effects appear to be mediated by PMNLs, our result is in agreement with the findings of Liu et ai. (1993) showing that in vitro PMNL induced endothelial dysfunction is not reversed by administration of L-arginine. It is likely that im paired EDRF-mediated vasodilation provoked by PMNLs is caused by pronounced degradation of EDRF/NO, rather than its reduced production. However, it also seems possible that the PMA induced endothelial dysfunction is not associated simply with a disorganization of NO-mediated reg ulation of the vascular tone. In the cerebral vascular bed the endothelium-dependent relaxation to cer tain agonists can be NO independent (for review see Rosenblum, 1992) . Accordingly, the effects of PM A injection on the endothelium-dependent relaxation might also be explained by alterations in the pro duction/release of other endothelium-derived relax ing mediators.
In summary, intracarotid PMA injection impaired endothelium-dependent vasodilation of the rabbit MCA but did not affect the relaxation due to endo thelium-independent mechanisms. In addition, the defect of the endothelium-dependent relaxation re sulted in a greater contractile response of the MCA to some vasoconstrictors. The pharmacological site at which intracarotid PMA irtiection exerted its ef fect appears to be distal to receptor activation at the endothelial cell and proximal to vascular smooth muscle guanylyl cyclase activation. The PMA induced endothelial dysfunction was probably me diated by intravascular activation of PMNLs, which induced a kind of stunning of the endothelium inde pendently of NO synthesis from L-arginine.
